Microbial quinone compositions of sediment mud samples from five different lakes in Japan were studied by spectrochromatography and mass spectrometry. The total quinone content of these samples ranged from 1.97 to 18.0 nmol/g dry weight of sediment, of which a combined fraction of ubiquinones and menaquinones accounted for 42 to 74%. The remaining fraction (26 to 58%) consisted of the photosynthetic quinones, plastoquinones and phylloquinone. The sediment samples produced PQ-9 or Q-8 as the most abundant quinone type regardless of their geographic locations and depths. These results indicate that oxygenic phototrophic microorganisms and Q-8-containing proteobacteria constituted major parts of microbial populations in the lake sediment. In the surface water of the same sampling sites, plastoquinones and phylloquinone occurred in much higher proportions. These findings suggested that the high abundance of oxygenic phototrophs in the sediment muds resulted from their constant movement or sedimentation from the surface water. Numerical analyses of the quinone profiles showed that the microbial communities of the sediment were diverse and different in different lakes but similar to each other in the diversity of bioenergetic modes. Three physiological groups of microbes showing ubiquinone-mediated aerobic respiration, oxygenic photosynthesis, and menaquinone-associated respiration were suggested to inhabit the lake sediments in balance.
Isoprenoid quinones are essential lipid components of respiratory and photosynthetic electron transport systems of microorganisms. Since they have great structural variations depending on microbial taxa, the analysis of quinones provides information of value in microbial chemotaxonomy (Collins and Jones, 1981) . Ubiquinones are the sole or major quinones in all species of the a, b, and g subclasses of Proteobacteria and in mitochondria of all eukaryotic organisms. Menaquinones or their analogues are the sole quinones in almost all respiratory prokaryotes other than the proteobacterial subgroups noted above. Plastoquinones and phylloquinone are associated exclusively with oxygenic photosynthetic electron transport, which is found in cyanobacteria and chloroplasts.
Microbial quinones have also been used as biomarkers of in situ microbial populations in terms of quantity, quality, and activity (Hedrick and White, 1986; Hiraishi, 1989) . This biomarker approach has been successfully made to characterize microbial communities in various environments, such as sewage and activated sludge (Hiraishi, 1988; Hiraishi et al., 1991 Hiraishi et al., , 1996 Hiraishi et al., , 1998 , aquatic sediments (Hedrick and White, 1986) , hot springs , and soil Katayama et al., 1998) . The quinone profile method has some advantages over other biomarker approaches (Parkes, 1987) in characterizing microbial communities. For example, since one homologue type of quinones predominates in a microbial species in general, the content of each quinone homologue can be interpreted to be a direct reflection of the number of microbial populations containing it. Moreover, because of its intrinsic quality as a direct chemical analysis of the environmental microbial lipids, the quinone profile method could produce a much less biased result than cultural methods and molecular approaches involved with nucleic acid extraction and PCR amplification. This property of the quinone profile method is convenient, especially for the analysis of microbial communities from which it is difficult to isolate microbes and nucleic acids quantitatively, such as those in sediments and muds.
In this study, we attempted to profile microbial quinones of sediment mud in different lakes in Japan. This was the first attempt to characterize microbial communities in lake sediment by quinone profiling. In particular, we deal with the occurrence of the photosynthetic quinones, plastoquinone and phylloquinone, as major components in these environments.
Materials and Methods
Sediment samples. Mud samples were collected with a mud sampler from the surface layer (0-2 cm depth) of sediment in five lakes in Japan, Biwa, Hamana, Kizaki, Suwa, and Teganuma, in the summer season from 1991 to 1996 (Table 1) . Surface water samples were also collected with a water sampler from Lake Hamana and Lake Teganuma. All samples were taken in sterile polyethylene bottles, transported to the laboratory in a cooler at Ϫ20°C, and stored at Ϫ80°C until analysis.
Quinone extraction. Cells and suspended solids from thawed mud slurries were harvested by centrifugation (12,000ϫg, 10 min), washed twice with PF buffer (50 mM potassium phosphate ϩ1 mM ferricyanide [pH 6.8]), and pelleted. Ten grams of the pellet were resuspended in PF buffer at a total volume of 20 ml. Surface water samples (about 4 L each) were filtered stepwise through Millipore membrane filters with three different pore sizes (0.8, 0.22, and 0.1 mm), and cells and suspended solids on all these filters were combined and resuspended in 10 ml of PF buffer. All sample suspensions were mixed with a 2.5 volume of a chloroform-methanol mixture (2 : 1, vol/vol), then sonicated for 3 min to extract quinones, followed by centrifugation (5,000ϫg, 10 min). The upper aqueous layer was discarded with a pipette, whereas the lower lipid layer and residue was filtered through Whatman No. 1 filter paper. The residue was extracted once with acetone and twice with the chloroform-methanol mixture for 30 min each. All extracts were combined, evaporated under vacuum, and reextracted three times with n-hexane-water (1 : 1, vol/vol). Then the quinone extract in n-hexane was concentrated and separated to the ubiquinone and menaquinone fractions by column chromatography with Sep-Pak Vac 3 cc cartridges (Waters Corp., Milford, MA, USA), as described previously (Iwasaki and Hiraishi, 1998) . The supernatant of the samples from which cells and suspended solids were removed was also tested for quinone contents as described for the suspended materials.
Identification of quinones. Quinone components were separated and identified with external quinone standards by reverse-phase HPLC with an ODS column (4.6 [internal diameter]ϫ250 mm) and a mixture of methanol-isopropyl ether (9 : 2, vol/vol) as the mobile phase. A photodiode array detector was used for detecting HPLC elution peaks and for recording their absorption spectra. The equivalent number of isoprene units (ENIU) of quinone components was determined as described by Tamaoka et al. (1983) . Mass spectrometry was also used for the identification of HPLC-purified quinone components. Details on these analytical conditions have been described previously (Hiraishi et al., 1996; Iwasaki and Hiraishi, 1998) . The concentration of quinones was determined by comparing HPLC response factors of samples with those for a known concentration of standard quinones that had been spectrophotometrically determined (Hiraishi et al., 1996) . Standard ubiquinones and menaquinone were prepared from known species of bacteria and from activated sludge, and standard PQ-9 was prepared from the cyanobacterium Synecococcus leopoliensis M-6 (Hiraishi et al., 1996) . Phylloquinone was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). In this study, ubiquinones, menaquinones, and plastoquinones with n isoprene units in their side chain were abbreviated as Q-n, MK-n, and PQ-n, respectively. Methylubiquinones with n isoprene units were abbreviated as MQ-n. Partially hydrogenated menaquinones were expressed as MK-n(H x ), where x indicated the number of hydrogen atoms saturating the side chain. Numerical analysis. Numerical analyses of quinone profiles were performed by using the following three parameters, the dissimilarity index, the microbial divergence index, and the bioenergetic divergence index (Iwasaki and Hiraishi, 1998) . The dissimilarity index (D) is given by where x ik , x jk Ն0.01, Sx ik ϭSx jk ϭ100, and x ik and x jk indicate the mol% of quinone homologue k in samples i and j, respectively. The D values can be interpreted to show the extent of differences in microbial community structures among samples (Hiraishi et al., 1991) . The microbial divergence index (MD q ) is given by where x k Ն0.001 and x k indicates the molar ratio of quinone homologue k to the total quinone content as 1. Since MD q values mean the divergence of quinone structural types detected, this parameter indicates the extent of microbial diversity. The bioenergetic divergence index (BD q ) is given by where UQ, (PQϩK 1 ), MKՆ0.001 and UQ, PQ, K 1 , and MK indicate the molar fraction of ubiquinones, plastoquinones, phylloquinone, and menaquinones (plus their derivatives) to the total quinone content. Thus BD q is regarded as an indicator of the divergence of bioenergetic modes of microbes, i.e., the balance of ubiquinone-mediated aerobic respiration, oxygenic photosynthesis, and menaquinone-mediated anaerobic and aerobic respiration. The numerical analysis was performed with the BioCLUST program, which was written in our laboratory for use with IBM and compatible personal computers (Iwasaki and Hiraishi, 1998) .
Results

Distribution of different quinone ring groups
HPLC analyses revealed that the total quinone content of the sediment samples tested ranged from 1.97 to 18.0 nmol/g dry weight of sediment (Fig. 1) . There seemed to be a reverse relationship between the total quinone concentration and the depth of sediment sampled. A combined fraction of ubiquinones and menaquinones accounted for 42 to 74% of the total quinone contents. The remaining fraction (26 to 58%) consisted of the photosynthetic quinones, plastoquinones and phylloquinone. In this respect, the lake sediments differed markedly from activated sludge and soil environments, in which the photosynthetic quinones occur in trace or negligible amounts (Hiraishi et al., 1996; Iwasaki and Hiraishi, 1998) . The aqueous phase of the lake sediment from which microbial cells were removed by centrifugation produced no
Quinone contents of sediment muds in different lakes.
quinones in appreciable amounts, suggesting that the quinones extracted had been associated exclusively with the cells present. Because of the high abundance of plastoquinones in the sediment samples as noted above, we analyzed these quinone components in greater details. In spectrochromatography analyses, all main components of plastoquinones had the same HPLC retention time and UV absorption spectrum (E max ϭ255 nm) as the standard PQ-9 from Synecococcus leopoliensis. Mass spectrometry analyses showed that all major types of the plastoquinones detected had an intensive peak at m/z 749 ([MϩH] ϩ ) and a base peak at m/z 189, which was derived from the quinone nucleus (Fig. 2) . These spectroscopic patterns agreed well with those of PQ-9 reported by Das et al. (1965) .
Quinone compositions
Quinone homologue compositions in the lake sediments are summarized in Table 2 , where the assignment to phylogenetic taxa as possible sources of each 224 HIRAISHI and KATO Vol. 45 Fig. 2 . Mass spectrum of PQ-9 purified from the sediment of Lake Kizaki. quinone type is also shown. Most sediment samples produced PQ-9 as the predominant quinone type (29 to 56%). Furthermore, Q-8 occurred as the predominant or second most abundant component (15 to 24%). These results indicate that oxygenic phototrophic microbes (cyanobacteria and/or eukaryotic phytoplankton) and Q-8-containing proteobacteria constituted major microbial populations in the lake sediments. In most samples, Q-9 was the next higher homologue of ubiquinones. Concerning menaquinones, MK-7 and MK-8 were the major components in all cases, accounting for 46 to 58% of the menaquinone fractions and 6 to 22% of the total quinone contents. Long-chain-having menaquinones and partially hydrogenated menaquinones, which may be derived from Actinobacteria (high GϩC gram-positive bacteria), constituted small fractions (Ͻ7%) of the total quinone content.
In some lakes, a ubiquinone component that had an ENIU value of 8.22 was detected. Although the content of this component was too low to obtain mass spectra, it was identified tentatively as MQ-8 (Collins and Green, 1985; Tamaoka et al., 1985) because of their absorption spectra and ENIU values. Figure 3 shows comparative quinone profiles of the surface water and the sediment in Lakes Hamana and Teganuma. The surface waters were characterized by their production of much higher contents of PQ-9 than the sediment in the same lakes. All these quinones were detected from the microbial cells collected, but not from the aqueous phase. 
Comparative quinone profiles of surface water and sediment
Numerical analysis
Numerical analyses of quinone profiles were performed to obtain quantitative information on differences in the profiles among the sediment samples. The quinone profiles among the lake sediments differed at D values from 8 to 40% (Table 3) . In particular, high D values were recorded between the sediments of Lake Kizaki and the other lakes. MD q and BD q values ranged from 9.50 to 14.00 and from 2.75 to 3.00, respectively. MD q and BD q values were both lower in Lake Kizaki than in the others.
Discussion
In this study, we successfully detected microbial quinones from the lake sediments at a total concentration ranging from 1.97 to 18.0 nmol/g dry weight of sediment, of which the combined fraction of ubiquinones and menaquinones accounted for 42 to 74%. A previous study on quinone profiles of activated sludge showed that 1 nmol of total quinones (ubiquinones plus menaquinones) corresponded to 1.3ϫ10 9 cells of bacteria and 0.8 mg dry weight of microbial biomass (as volatile suspended solids) on average . If these relationships are taken into account, the biomass of respiratory bacteria in the lake sediment studied here is estimated to vary from 0.67 to 10.7 mg (1.1ϫ10 9 to 1.7ϫ10 10 cells)/g dry weight of sediment. However, since the lake sediments differed markedly from activated sludge in quinone profiles, the definite relationship between quinone contents and microbial biomass in lake sediment awaits further study.
Among the most important observations in this study is that the photosynthetic quinones, plastoquinones and phylloquinone, occurred abundantly in the lake sediments, accounting for 26 to 58% of the total quinone content. The sediment samples analyzed were collected from different lakes in various geographical areas in Japan. Therefore a high abundance of the photosynthetic quinones may be a common feature of lake sediment in Japan. In testing samples from Lake Hamana and Lake Teganuma, plastoquinones and phylloquinone occurred in much higher proportions in the surface water than in the sediment. This finding suggests that the high abundance of the photosynthetic quinones in the sediment mud resulted from the constant movement or sedimentation of oxygenic phototrophs from the surface water. Because lipoquinones were detected from the suspended materials (i.e., microbial cells) but not from the aqueous phase in the sediment may indicate a rapid turnover of free quinones in the environment. A concurrent study in our laboratory has shown that when a quinone species (Q-6 or MK-4) is added into a mixture of natural lake water and sediment, it is degraded within a few days (A. Hiraishi, unpublished data) .
It is of great interest to find what kind of microorganisms are attributable to the high abundance of plastoquinones and phylloquinone in the lake sediments and whether these phototrophs are viable in such environments. In general, cyanobacteria and eukaryotic phototrophs (chloroplasts) are the sources of plastoquinones and phylloquinone. However, since all these phototrophs contain PQ-9 as the sole plastoquinone type, it is difficult only by quinone profiling to determine which of cyanobacteria and chloroplasts contribute to the occurrence of the photosynthetic quinones in the lake sediments. Eukaryotic phototrophs also contain Q-9 in their mitochondria, and this quinone type occurred in relatively high proportions of the ubiquinone content of the lake sediments (Table 1) . Because of these facts, eukaryotic phototrophs may constitute some parts of oxygenic phototrophic populations in the lake sediments. By epifluorescent microscopy, we attempted to detect oxygenic photosynthetic microbes in the sediment mud. However, the microscopic study of the sediment was difficult because of high fluorescent intensity of background, although we could find some cyanobacterialike cells and diatoms therein.
Besides PQ-9, Q-8 was detected as a major component (15 to 24% of the total content) from the lake sediments. This ubiquinone isoprenologue is present in all members of the b subclass and some members of the g subclass of the Proteobacteria. Thus members of b proteobacteria, as well as oxygenic phototrophs, are the major constituents of microbial populations in the lake sediments. Other microbes that constituted a significant proportion of the microbial communities were those with MK-7 or MK-8, which can be assigned phylogenetically to members of gram-positive bacteria, the Cytophaga-Flavobacterium group, the Acidobacterium group, and so forth. Actinobacteria (high GϩC gram-positive bacteria) with long-chain and partially saturated menaquinones may form a minor group of the microbial communities of the sediments.
Numerical analyses of quinone profiles showed differences in the profiles among the lake sediments at D values up to 40%. In particular, high D values were found between Lake Kizaki and other lakes tested. These marked differences may have occurred because Lake Kizaki differed from the others in some environmental conditions, including depth, temperature, and the tropic level, possible factors affecting the microbial community structure. The MD q values for the lake sediments, except that of Lake Kizaki, varied from 11.7 to 14.0. These results suggest that the extent of microbial diversity in the lake sediments is as high as seen in wastewater environments Iwasaki and Hiraishi, 1998) . The BD q values for the lake sediments were near 3.0 and were much higher than those for other environments such as sewage, activated sludge, and soil (Iwasaki and Hiraishi, 1998) . while microbial communities in wastewater and soil environments have a tendency toward respiratory energy metabolism, the communities of the lake sediments are considered to maintain the balance of bioenergetic modes. That is, the three physiological groups of microbes, showing ubiquinone-mediated aerobic respiration, oxygenic photosynthesis, and menaquinone-associated respiration, may inhabit the lake sediments in balance.
